Abstract: In this study, the photonic crystal cavity has been designed, fabricated, and characterized in GaN bulk materials with the double heterostructure, which can provide high Q-factor. The cavity is characterized by optical pumping. The resonant mode is observed at the wavelength of 362 nm. The threshold of excitation power is found to be 0.9 mW, corresponding to the power density of 12.7 kW=cm 2 . The Q-factor of the cavity is measured to be as high as 10 4 .
Introduction
During the past decade, the photonic crystals (PCs) have been attracting a great amount of attention because of the capability to control the light propagation by the forbidden behavior in photonic bandgap [1] , [2] . This property has been used to form the laser cavity to improve the light emission characteristics [3] . This kind of microcavity laser can provide strong Purcell effect, low lasing threshold, low mode volume, and high quality factor. Therefore, the PC cavity has been a common issue of great interest in recent years due to the application of the integrated photonic circuits.
To date, there are various active materials which have been applied to PC lasers such as III-nitride semiconductor [4] , silicon on insulator [5] , and polymer [6] . The wide-band-gap GaN has been applied for light sources from UV to blue-green wavelength. Specifically, the laser emissions by optical excitation have been observed from the PC cavity on GaN membrane and the PC structures with InGaN/GaN quantum wells [7] . Nevertheless, the quality factor of PC laser in blue-violet wavelength is not high enough because of the optical losses due to the limit of membrane thickness or the structure deformation which is originated from the fabrication error. Except for improving the precision of fabrication, many studies have been devoted to refine the resonant cavities to enhance the in-plane Q-factor ðQ k Þ using point defects by adjusting the positions of radius of holes around cavities. Up to now, the quality factors of the GaN PC lasers have been reported to be in the range of 168-5300 [7] - [16] .
In this letter, we demonstrate the resonant mode with high quality factor in GaN bulk with a photonic double heterostructure (DBH) cavity which is reported by S. Noda [17] . In this structure, a line defect is used to form the cavity. The lattice constant is gradually enlarged leading to the fact that the propagation wave can be confined in the line defect with lower abrupt reflection due to the graded lattice constant. The optical loss can be enormously reduced resulting in extremely high Q-factor.
Simulation and Sample Fabrication
The DBH cavity in this work is formed by sequentially connecting several PC waveguides with different lattice constants. The structure with gradually varied lattice constants can modulate the electric field to obtain a stronger confinement [17] . The rigorous two-dimensional finite-difference time-domain (FDTD) method is used to predict the optical field in the structure [18] , [19] . The light source with TE polarization, E y , is launched into the structure. The refractive index of GaN is n ¼ 2:4. Three PCs [PC0, PC1, PC2 as shown in Fig. 1(a) ] arranged in triangular lattice with a line defect in the À À J direction are combined to form a DBH cavities. The corresponding lattice constants in the three regions PC0, PC1, and PC2 are denoted to be A0, A1, and A2, respectively. We define A0 9 A1 9 A2 to obtain the optical confinement in the regions PC0 and PC1. The difference of lattice constants A0 À A1 ¼ A1 À A2 ¼ is varied from 1 nm to 7 nm. The width of the line defect and the radius of air holes are ffiffiffi 3 p A1 and 0.26A0, respectively. As the difference is 5 nm, there are two guided modes at ¼ 365 nm and ¼ 360 nm where the GaN bulk optical spontaneous region located as shown in Fig. 1 (a) and (b), respectively. The guided mode at the wavelength of 360 nm gives the highest in-plane quality factor in GaN bulk, Q k % 5:5 Â 10 9 as the difference is 5 nm (i.e. A0 ¼ 112 nm, A1 ¼ 107 nm, and A2 ¼ 102 nm). We can observe that the optical field is well confined in the regions PC0 and PC1.
The pure GaN bulk is grown by low-pressure metal-organic chemical vapor deposition on sapphire substrates. The thickness of the GaN layer is around 1.6 m. The emission wavelength of the photoluminescence (PL) spectrum is at ¼ 363 nm. The photoresist ZEP520A with the thickness of 500 nm is coated on the surface of GaN. The PC pattern is defined by the e-beam writer, RAITH150-TWO, with the acceleration voltage of 20 keV. Before the electron-beam lithography, the sample is prebaked on the hotplate with 180 C during 3 minutes. The poly-conductor, E-spacer 3000, is coated on the sample to improve the electric conductivity. Before the developing, the sample is rinsed by the deionized (DI) water to remove the poly-conductor during 30 seconds. The developer, ZED-N50, is used to remove the exposed photoresist for 60 seconds. Finally, the sample is dried by the N 2 gas. The pattern of PCs with triangular lattices of air holes on the photoresist is transferred to the GaN by employing inductively coupled plasma (ICP) etcher with Ar (5 SCCM) (SCCM stands for cubic centimeter per minute at STP, standard conditions for temperature and pressure), BCl 3 (25 SCCM), and Cl 2 (50 SCCM) gases at a pressure of 7.54 mTorr and RF power of 100 W.
The top-view and the cross-sectional SEM images of a part of one pattern are shown in Fig. 2 (a) and (b), respectively. The nanocavity region consists of three areas with different lattice constants of PC waveguides PC0, PC1, and PC2. The device area is around 30 m Â 30 m with three lattice constants A0 ¼ 112 nm, A1 ¼ 107 nm, and A2 ¼ 102 nm. The radius of air holes is 0.26A0 for all three regions. The etching depth can be observed in Fig. 2(b) to be around 186 nm. The diameter difference of the air hole between the design and the sample is around 1-3 nm corresponding to 1%-3% fabrication error compared to the lattice constant. This error might be due to the electron dosage reduction to minimize the proximity effect and/or the poor conductivity of the pure GaN and/ or the development of the photoresist and/or the dry etching condition. The schematic drawing of the experimental setup of micro-photoluminescence measurement is illustrated in Fig. 3 . The device is pumped by the HeCd continuous wave laser at the wavelength of 325 nm. The laser beam is normally incident to the sample surface with the objective 20X, NA ¼ 0:4. A white light source is utilized to illuminate the sample surface and to image the positions of samples where the laser focusing spot is excited. The excitation spot on the sample surface is observed by the CCD camera to be around 30 m in diameter. The spectrum of the light emitted from the PC structure in GaN is measured by the monochromater (TRIAX 550) with the spectral resolution (0.03 nm). The chopper with the frequency f ¼ 200 kHz is equipped for locking the signal in order to filter out the low-frequency noise from environment. The photomultiplier tube (PMT) is used to transfer the photons to the electrons by applying the high voltage of 900 V. The PMT and the chopper are separately connected to the lock-in amplifier that filters out the noise signals and enhances the signals from the sample with 200 kHz.
Results and Discussion
The strong and clear output peak of the DBH cavity at the wavelength of 361.7 nm is observed in the spectra as shown in Fig. 4 , which is close to the resonant wavelength ð ¼ 360 nmÞ predicted in the simulation. In the inset of Fig. 4(a) , the light emitted from the cavity can be observed. We measure the spectra for different pumping power from 2.1 mW to 16.9 mW as shown in Fig. 4(a) . The intensity of the cavity mode increases as the pumping power increases. Fig. 4(b) shows the spectra for the pumping power below 1.1 mW. We can observe that the spontaneous emission of the GaN bandgap emission at around 365 nm is much lower compared to the resonant peak. Fig. 5 presents the intensity and the full width at half maximum (FWHM) of the cavity mode for different pumping powers. The spontaneous emission intensity of the GaN bandgap at 365 nm is also shown in Fig. 5 . We can observe that the slope is much lower than that of the resonant peak at 361.7 nm. The FWHM is significantly decreased from 5.5 nm to 0.09 nm as the output emitting power increases from 0.2 mW to 1.1 mW. The FWHM is reduced from 0.09 nm to 0.04 nm as the pumping energy increases from 1.1 mW to 16.9 mW. Since the spectral linewidth of the sample is 0.04 nm, the dispersion within the linewidth should be negligible. Since the self-absorption occurs when the photons at the central frequency of the transition have a significant probability of being absorbed before they leave the medium, the effect of the self-absorption might broaden the spectral linewidth [20] . With the significantly reduced FWHM of the resonant peak mentioned above, the results in Fig. 5 could demonstrate that the resonant mode can be obtained. The Q-factor of the DBH cavity can be obtained from = to be around Q % 9095 at ¼ 361:7 nm, where and obtained by using Gaussian fitting are the emission wavelength and the FWHM of the peak, respectively. Since the sample does not possess the vertical confinement, the Q-factor obtained by the 2-D FDTD method should be significantly higher than that of the experimental results. The Q-factor of Fig. 1(a) is too close to that of the experimental result. According to the simulation results, we can observe that the in-plane Q-factor of DBH cavity is Q k ¼ 5:5 Â 10 9 at ¼ 360 nm. Since the sample possesses a poor vertical confinement, the Q-factor obtained by the experimental measurement ðQ total Þ should be significantly dominated by the vertical loss which can be expressed by the vertical Q-factor ðQ ? Þ. By using 1=Q total ¼ 1=Q ? þ 1=Q k , the vertical Q-factor can be estimated to be slightly higher than 9095. The obtained mode might be the mode shown in Fig. 1(b) . The output intensity of the peak at 361.7 nm is also showed in Fig. 5 . We can also obtain the threshold for the resonant emitting to be around 0.9 mW, corresponding to the pumping power density of 12.7 kW=cm 2 , which approaches that of the recent GaN-based electrically pumped edge-emitting lasers (3.7 kW=cm 2 ) [21] , indicating the fact that the structure might be suitable to be pumped electrically.
In this study, the cavity only provides the horizontal confinement. The vertical loss may be reduced by using membrane structure [7] or distributed Bragg reflectors. The Q-factor and the lasing threshold could be improved.
Conclusion
In summary, we have successfully demonstrated the resonant mode in GaN with the DBH cavity composed of three PC waveguides with different lattice constants by optical pumping. The threshold pumping power is 0.9 mW corresponding to the power density of 12.7 kW=cm 2 , and the Q-factor is approximately 10 4 . The threshold pumping power densities in previous researches are from 1.64 MW=cm 2 to 143 MW=cm 2 [7] - [16] , which are much higher than the result obtained in this study. The result shows the advantages of using the DBH as cavities in GaN bulk. The structure might be suitable to be pumped electrically. The DBH cavity in GaN bulk may be suitable used as laser cavity.
